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The hippocampus plays a critical role in recognition memory in both
monkeys and humans. However, neurophysiological studies have
rarely reported recognition memory signals among hippocampal
neurons. The majority of these previous studies used variants of the
delayed match-to-sample task; however, studies of the effects of
hippocampal damage in monkey and humans have shown that an-
other task of recognition memory, the visual paired-comparison, or
visual preferential looking task (VPLT), ismore sensitive tohippocam-
pal damage than the delayed matching tasks. Accordingly, to exam-
ine possible recognition memory signals in the hippocampus, we
recorded the activity of 131 hippocampal neurons in two monkeys
performing the VPLT. Eighty-eight neurons (67%) responded signifi-
cantly to stimulus presentation relative to the baseline prestimulus
period. A substantial proportion of these visually responsive neurons
(36%) showed significant firing-rate modulations that reflected
whether stimuliwerenovel or familiar. Additionally, thesefiring-rate
modulationswere correlatedwith recognitionmemory performance
on the VPLT such that larger modulations by stimulus novelty were
associated with better performance. Together, these results provide
evidence for a neural signal in the hippocampus that may support
recognition memory performance.
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Recognition memory refers to the ability to perceive a previously
encountered item as familiar. The neural processing necessary

for this ability has long been attributed to structures in the medial
temporal lobe (MTL), including the hippocampus and the adjacent
entorhinal, perirhinal, and parahippocampal cortices (1–3). How-
ever, there remains significant controversy regarding the role of the
hippocampus in recognition memory. Several studies have reported
impaired recognition memory performance following damage limi-
ted to the hippocampus in both humans (4–7) and monkeys (8–10);
however, other studies have reported a lack of impairment (11–15).
For example, there are inconsistentfindings regarding the role of the
hippocampus inperformanceof thedelayednonmatching-to-sample
task (8, 10, 13, 14). This task requires subjects to remember a pre-
viously encountered visual stimulus or object and to choose a dif-
ferent visual stimulus or object after a delay to receive a reward.
While it is widely accepted that the perirhinal cortex is critical for
performance of delayed nonmatching-to-sample task (14, 16), these
inconsistentfindingshavecalled intoquestion theextent towhich the
hippocampus contributes to performance (13).
Studies in humans have led to the proposal that the hippocampus

is essential for recollection, but is not critical for simple recognition
memory or judgments of familiarity (17). Studies of developmental
as well as adult-onset amnesia have reported cases in which hip-
pocampal damage produced intact recognition memory but im-
paired episodic memory, or the ability to recollect information
pertaining to the specific event during which the stimulus was first
encountered (11, 12, 15, 18, but see also 6). The “Remember-
Know” procedure has often been used to try to distinguish impair-
ments in simple recognition from deficits in recall (12, 15, 19–21).
However, this depends on the assumption that Remember judg-
ments reflect recollection while Know judgments reflect familiarity.
It has recently been proposed that these findings can just as easily

be explained in termsofmemory strength (22), withRemember and
Know judgments often reflecting strong and weak memories, re-
spectively (23–27). In support of this idea, activity in the hippo-
campus asmeasured by fMRI has been related tomemory strength,
even for familiarity-based or recognition memories (24).
If the hippocampus is critical for recognition memory perform-

ance, hippocampal neurons would be expected to modulate their
evoked activity depending on whether a given stimulus is novel or
familiar. This kind of modulation has been described among neu-
rons in the entorhinal and perirhinal cortices (28–32); still, physio-
logical studies in nonhuman primates have generally reported only
very low percentages of hippocampal neurons (33, 34)—or inmany
cases no neurons at all (30, 35, 36)—displaying such modulation.
This apparent inconsistency between the findings from lesion and
physiology studieshasadded to thecontroversy surrounding the role
of the hippocampus in recognition memory.
Previous neurophysiological studies of recognition memory sig-

nals in themonkeyMTLhave typically involved trainingmonkeys to
maintain the representation of a visual stimulus inmemory during a
delay period to later signal recognition of that stimulus for a reward.
Specific variations on this basic task structure used for physiological
studies include the delayed match-to-sample task (28, 29, 32), the
Konorski conditional delayedmatching task (30, 35, 37, 38), and the
serial recognition task (33, 34, 38). Another task that has been used
to examine recognition memory in monkeys and humans is the
visual preferential looking task (VPLT). Unlike the delayed
matching tasks, this task does not require any specific training but
relies on the subject’s innate preference for novelty. In the VPLT,
recognition is assessed by comparing subjects’preferences for visual
stimuli. When given a choice between a novel and a repeated
stimulus, control subjects spend about 70% of the time viewing the
novel stimulus, which indicates that they have formed a memory of
the repeated stimulus. Lesions restricted to the hippocampus in
both monkeys and humans produce significant impairment on this
task (8, 14, 39, 40). Accordingly, this task may be useful for identi-
fying recognition memory signals in the hippocampus.
In the current study, we used the VPLT to examine recog-

nition memory signals in the monkey hippocampus. This task
capitalizes on primates’ innate preference for novel over familiar
stimuli, requires minimal training, and allows for the measure-
ment of varying degrees of performance. We analyzed the rela-
tionship between the activity of isolated hippocampal neurons
and performance on the VPLT in monkeys. Here we report that
a substantial proportion of hippocampal neurons modulate their
firing rates depending on whether pictures are novel or repeated.
Furthermore, these modulations in firing rate are associated with
trial-to-trial variability in recognition memory performance.
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Results
Behavioral Results. We recorded extracellular spikes from hippo-
campal neurons in two rhesus monkeys performing the VPLT (Fig.
1A). Each recording session, monkeys were presented with large
(11°), complex visual stimuli, one at a time, on a computer screen.
Two hundred novel stimuli were each presented twice during a
given session, with up to eight intervening stimuli between succes-
sive presentations. Each stimulus remained on the screen until the
monkey’s gaze moved off the stimulus or for a maximum of 5 s. In
this way, the monkey controlled the duration of stimulus pre-
sentation, and this duration provided a measure of the monkey’s
stimulus preference.We compared the amount of time themonkey
spent looking at each stimulus during its first (Novel) and second
(Repeat) presentation.Adultmonkeys showa strongpreference for
novelty; therefore, a significant reduction in looking time from the
first to the second presentation of a stimulus indicated that the
monkey had formed a memory of the stimulus (41). Fig. 1B depicts
an example of the monkey’s eye movements during the first (yellow
trace) and second (blue trace) presentations of a stimulus. In this
example, andacross themajority of stimuli, themonkeys spentmore
time looking at the stimulus when it was novel compared to when it
was repeated (Fig. 1C). To control for varying interest in individual
stimuli, recognition memory performance was calculated as the
absolute change in looking time between presentations as a per-
centage of the amount of time themonkey spent looking at the first
presentation of each stimulus. Across 45 sessions, the monkeys
demonstrated robust recognition memory performance. There was
a significant (P < 0.001) decrease in looking time for the repeated
presentation (average looking times for Novel and Repeat trials

were 2.3 s and 0.8 s, respectively). The median reduction in looking
timewas 70.7% (67.3% inMonkeyA and 72.8% inMonkeyB). Fig.
1C shows the distribution of the change in looking time across
presentations of each stimulus for both monkeys.
Pictures were repeated with a variable number of intervening

stimuli (see Methods for details), which allowed us to analyze the
degree to which performance varied with increasing delays. There
was a significant relationship between the change in looking time
and number of intervening stimuli (Kruskal-Wallis test, F[8,5848]
= 36.48, P< 0.01). As the number of intervening stimuli increased,
the median change in looking time became more negative. This
effect was driven by trials inwhich stimuli were repeatedwithout an
intervening stimulus, which made up 33% of all trials presented to
both monkeys. After removing these trials, there was no significant
relationship between behavior and number of intervening stimuli
(F[7,3884]= 9.16,P> 0.1). This is consistent with previousfindings
that control monkeys show very little forgetting in this task across
increasing delays (8, 39). When we excluded stimuli that repeated
without an intervening stimulus, thepopulation effects for neuronal
activity (reported below) remained the same.

Hippocampal Neurons Modulate Their Firing Rate with Stimulus
Repetition. We recorded from 131 hippocampal neurons in two
monkeys performing the VPLT. For each neuron, the average
firing rate across all 200 stimuli was calculated for each of two
conditions: Novel and Repeat. The primary response pattern of
each neuron (i.e., the directionality and condition specificity) was
assessed by analyzing the time period from 100 to 600 ms after
stimulus presentation. This duration was chosen to encompass the
major part of each visually-responsive neuron’s deviation from
baseline firing rate. Eighty-eight neurons (67%) were visually re-
sponsive, in that they demonstrated a significant change in firing
rate during stimulus presentation compared to baseline during
either or both presentations (Table 1). The majority (63%) of
these neurons exhibited a decrease in firing rate upon stimulus
presentation. There were no significant differences between neu-
rons with enhanced firing rates and those with depressed firing
rates in either response latency (131 ± 27 ms and 152 ± 11 ms,
respectively; Student’s t-test,P> 0.1) or baseline firing rate (7.63±
1.30 spk/s and 7.45 ± 0.97 spk/s, respectively; P > 0.1). Each
stimulus was presented exactly twice, once as Novel and once as a
Repeat. Because a minimum of 20 to 30 trials are necessary to
obtain a reliable measure of firing rate, the experimental design
did not allow for an analysis of stimulus specificity. The neuronal
effects we describe are averaged across different visual stimuli.
The degree to which the novelty of visual stimuli influenced the

activity of hippocampal neurons was measured by analyzing the
difference in firing rate across the two conditions (Novel vs.
Repeat). The firing rates of 30 visually-responsive units (36%) were
significantly modulated by stimulus novelty. These differentially
responsive cells fell into four categories, dependingonwhether their
firing rates were enhanced or depressed upon stimulus onset, and
whether firing rates were higher for Novel stimuli (novelty respon-
ses) or for Repeat stimuli (familiarity responses) (Table S1). Base-
line firing rates were not significantly different between novelty
response cells (6.3 ± 1.4 spk/s) and familiarity response cells (7.9 ±
2.5 ms; P > 0.1). However, there was a trend for novelty response
cells (112 ± 27 ms) to have a shorter response latency than famil-
iarity response cells (200 ± 45 ms; P= 0.09). The responses of two
representative differentially responsive neurons are shown in Fig. 2.
These data suggest that information about the novelty of visual
stimuli is represented in the firing rate of hippocampal neurons in
monkeys, consistent with recent findings from human epileptic pa-
tients (42, 43).
One advantage of the VPLT is that it provides for the ability to

analyze the strength of recognition memory by considering the
magnitude of the change in looking time for each stimulus across
presentations. This offers a distinct advantage over many other

Fig. 1. Behavioral task and performance. (A) VPLT design. Two-hundred novel
stimuli were presented in each test session, with up to eight trials intervening
between thefirst and secondpresentations. Each trial beganwith a required 1-s
fixation period and trials were separated by a 1-s intertrial interval. (B) An ex-
ample of the monkey’s scan path over the first (yellow) and second (blue) pre-
sentations of a stimulus. Themonkey spentmuch less time viewing the stimulus
in the second presentation. (C) Combined behavioral data from 45 test sessions
in twomonkeys.Histogramdepicts the change in looking time for all stimuli as a
percentage of the amount of time the monkey spent looking at the first pre-
sentation of each stimulus (blue: Monkey A; red: Monkey B). A negative change
represents stimuli for which looking times were longer during the first pre-
sentation.For clarity, trialswithapercent-change in lookingtimeofgreater than
150%arenot shown(these representeda total of5 trials, or0.2 trials per session,
forMonkey A and 22 trials, or 1.1 trials per session, for Monkey B). (Inset) Mean
looking time for first and second presentations of all stimuli. There was a sig-
nificant (P<0.001)decrease in looking time for the repeatedpresentation. Error
bars represent SEM.
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recognition memory tasks, where performance for each trial can
only be rated as correct or incorrect, and after training, the number
of incorrect trials is usually so low that it is difficult to relate mod-
ulations in neural activity to performance. We hypothesized that
changes in thefiring rates of differentially responsive neuronswould
be correlated withmemory strength, assessed through performance
on the VPLT. To test this, we defined recognition memory strength
as the difference in looking times for the Novel and Repeat pre-
sentations, normalized to the looking time during the Novel pre-
sentation (as per Fig. 1C). Assuming that this difference in looking
time is correlatedwith the strength ofmemory encoding, the stimuli
with the largest reductions in looking time are those for which the
monkey formed the strongest memories. For two example neurons,
we calculated the firing rate during both Novel and Repeat pre-
sentations for the 30 stimuli for which the monkey showed the best
subsequent recognition memory (High Recognition) and the 30
stimuli for which the monkey showed the worst subsequent recog-
nition memory (Low Recognition). Each condition represented
≈19%of all analyzed trials. Thefiring ratewas increased by stimulus
onset for one neuron and was decreased for the other neuron (Fig.
3). Both of these neurons showed a significant modulation of firing
rate by stimulus novelty for the High Recognition trials (P < 0.05)
but not for the Low Recognition trials (P > 0.1).
Across the population of differentially responsive neurons, we

consideredwhetherfiring rate changeswere correlatedwithmemory
performance throughout each recording session, rather than for just
thehighest and lowest extremesofmemoryperformance (seeSIText
for details). Briefly, we organized the stimuli from each VPLT ses-
sion by increasing recognition memory performance (least negative

tomost negative change in looking time). Stimuli were grouped into
bins of 30, and within each bin we determined averagemeasures for
the difference in firing rates between Novel and Repeat trials and
memory performance. The Pearson correlation coefficient was cal-
culated across all bins in the session for each neuron. Fig. 4 A and B
depict the relationship between the magnitude of the firing-rate
modulation and memory performance for two example neurons. In
both cases, firing-rate differences between Novel and Repeat trials
were positively correlated with recognition memory performance
(P < 0.01). To examine the effects across the population, these data
were further sorted into 10 bins based onmemory performance (see
SIText fordetails).Across alldifferentially responsiveneurons, there
was a significant correlationbetween themagnitudeof thefiring-rate
modulation and memory performance (P < 0.01) (Fig. 4C). Fig. 4D
shows the distribution of correlation coefficients for the population
of differentially responsive cells, which was significantly greater than
zero (sign test, P < 0.05). Correlations for enhanced and depressed
cells, as well as cells with Novelty and Familiarity responses, are
presented in Fig. S1).

Discussion
Using a behavioral task that is sensitive to restricted lesions of the
hippocampus (8, 14, 39, 40), we found that a substantial proportion
of hippocampal neurons differentiate between novel and familiar

Table 1. Stimulus response properties of all single units showing significant differences in
firing rate between baseline and the 100- to 600-ms period after stimulus onset (P ≤ 0.05)

Novel only Repeat only Both Total

Visually responsive single units 21 (25%) 15 (18%) 48 (57%) 84
Increase in firing rate 5 (24%) 4 (27%) 21 (44%) 30 (36%)
Decrease in firing rate 16 (76%) 11 (73%) 27 (56%) 54 (64%)

Total hippocampal single units recorded: 131. Percentages in bold are based on the total number of respon-
sive single units; all other percentages calculated from the total number of single units in response category:
Novel, Repeat, or Both.

A

B

Fig. 2. Raster plots, peristimulus time histograms, and smoothed firing rates
for two example hippocampal neurons (A and B). The responses of each neuron
are averaged for the 200 stimuli, and are plotted separately for Novel (first
presentation) and Repeat (second presentation) stimuli.

Fig. 3. Example differential responses. (A) Firing rates for one enhanced
differentially-responsive neuron averaged across Novel (red) and Repeat (blue)
presentations, for High Recognition stimuli. (B) Same as in A, but for Low Rec-
ognition trials. Red and blue shaded areas represent SEM. Stimulus-evoked fir-
ing rateswere significantlyhigher forNovel trials versusRepeat trials in theHigh
Recognition condition (P < 0.05) but not in the Low Recognition condition (P >
0.1). (CandD) Sameas inAandB, but foronedepresseddifferentially responsive
neuron. Stimulus-evoked firing rates were significantly lower for Novel trials
versus Repeat trials in the High Recognition condition (P < 0.05) but not in the
Low Recognition condition (P > 0.1).
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stimuli through changes in firing rate. Furthermore, modulations in
firing rate were correlated with variability in recognition memory
performance throughout the session. For individual neurons and
across thepopulationofdifferentially responsive neurons, therewas
a significant positive correlation between the magnitude of the
modulation by stimulus novelty andperformance, such that changes
in firing rate for successive presentations of visual stimuli were
greater when these stimuli were better remembered. These findings
provide evidence that recognition memory performance may be
supported by hippocampal activity at the cellular level.
These data stand in contrast to previous studies of recognition

memory signals in themonkeyhippocampus.Theseprevious studies
used either the Konorski conditional delayedmatching task (30, 35,
37) or the serial recognition task (33, 34). In the Konorski condi-
tional delayed matching task, two stimuli (varying in familiarity to
the animal) are presented sequentially with a 0.5-s delay, and
monkeys are trained to signal whether the two stimuli are the same
or different. Despite the relatively large incidence of neurons in
cortical areas surrounding the hippocampus whose firing rates de-
creased with stimulus repetition, no hippocampal neurons showed
alterations infiring rates that reflectedwhether stimuliwerenovel or
had recently been seen (30, 35). One exception was a study by
Wilson et al., which reported that 34% of visually-responsive hip-
pocampal units responded differently during the second stimulus
presentation depending on whether or not it matched the first
stimulus presentation (37). Because these stimuli were already fa-
miliar to the monkeys, these signals could reflect neural coding of
relative familiarity. However, because the subjects were trained to
respond to the right panel for a match and the left panel for a
nonmatch, it is also possible that these responses instead reflected
spatial coding (22, 44, 45). Other studies used the serial recognition
task, in which novel stimuli are presented sequentially, with familiar

stimuli intervening at various frequencies. Monkeys are typically
trained in a go/no-go paradigm, licking a tube when stimuli are fa-
miliar to obtain fruit juice and refraining from licking when stimuli
are novel to avoid the taste of saline. Studies using this task have
identified very small numbers (<3%) of hippocampal neurons that
alter their firing rates for the Novel and Repeat stimulus pre-
sentations (33, 34).
Oneprimary difference between theVPLTand these tasks is the

degree of stimulus novelty. In the delayed matching task, images
depicting a variety of different geometric shapes were used, and
these were of varying familiarity to the animal (30, 35, 37, 38). One
study in particular described stimuli as often differing only in terms
of size while keeping other attributes the same (37). In the serial
recognition task, many of the stimuli were considered Novel as
long as they were not presented earlier that session. However, the
stimuli may have been seen previously, a couple of months (33) or
even days (34) prior. In the VPLT, 200 completely novel stimuli
were used for each recording session, with a total of 9,000 unique
stimuli across all sessions. Because we observed changes in firing
rate after only a single stimulus presentation in the VPLT, it is
possible that recognition of previously seen stimuli affected the
results in previous studies.
Recent studies have suggested that the hippocampus plays a role

in working memory (i.e., in tasks requiring active maintenance of
stimuli) (46–48). The design of the present study allowed us to ex-
amine whether the observedmodulations in firing rate were related
to the number of intervening stimuli between the Novel and Re-
peated stimulus presentation (methods and results for this analysis
are presented in the SI Text). The data revealed that there was no
significant relationship overall between the modulation of the
neural response for high and low recognition conditions and the
number of stimuli intervening between presentation (Fig. S2). The
difference in the firing-rate modulation related to memory strength
was not significant when stimuli were presented back to back;
however, this difference was significant when there was at least one
intervening stimulus. These data support the idea that the neural
signal for recognitionmemory in the hippocampus is not specifically
related to working memory.
TheVPLThas alsobeen used extensively in rats, where it is called

the Visual Paired Comparison task or the Spontaneous Object
Recognition task (49, 50; see ref. 51 for review). It has been sug-
gested that theopen-field versionof this taskmay not provide a pure
assessment of object-recognition memory, but may instead assess
memory for objects in a specific context (50). Because the stimuli
used in thepresent studywere complex, natural images, it is possible
that memory for spatial relational components of the stimuli con-
tributed to the observed modulations in hippocampal neuronal
activity. However, it has been shown that hippocampal activity sig-
naling object-context associations often takesmany trials to develop
(52),while thefiring rate changeswe see using theVPLToccur after
only one presentation. In addition, our results are consistent with
previous findings in the human hippocampus (42), where learning-
related changes in hippocampal signals were seen after one trial.
Importantly, although the task used in that study included a spatial-
relational component, the firing-rate modulation in the hippo-
campus did not depend on performance on that aspect of the task.
Taken together, we suggest that these data provide evidence for a
recognition memory signal in the hippocampus that is independent
of spatial relationships.
Our results are consistent with findings from hippocampal

recordings in humanepileptic patients for both visual (42, 43, 53) and
verbal memory (54). Significantly, human hippocampal neurons
demonstrate modulations in firing rates after a single presentation
for visual stimuli (42, 43, 53), similar to the present findings in the
monkey hippocampus. One study (53), using a task in which subjects
were instructed to make an old or new judgment on sequentially
presented pictures, found that 82% of neurons in the human hip-
pocampus were visually responsive. Of these responsive neurons,

A B

C D

Fig. 4. Correlation between firing rate modulation and memory perform-
ance. (A andB) Difference infiring rates for two sample neurons across 30-trial
bins organized from trials with lowest to highest percent-change in looking
time between encoding and recognition. Black lines represent linear re-
gression of data points. (C) Difference in firing rates across all differentially
responsive neurons (n= 30), organized from lowest to highest percent-change
in looking time. Memory performance and firing-rate difference were sig-
nificantly correlated (P< 0.01). Error bars represent SEM. Black line represents
linear regression of data points. (D) Histogram of correlation coefficients for
all differentially responsive cells. The distribution was significantly positive
(sign test, P < 0.05). Dashed line, median.

404 | www.pnas.org/cgi/doi/10.1073/pnas.0908378107 Jutras and Buffalo

http://www.pnas.org/cgi/data/0908378107/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0908378107/DCSupplemental/Supplemental_PDF#nameddest=sfig02


18%differentiatedbetweennovel and repeated stimuli, with roughly
the same number of enhanced and depressed responses. Interest-
ingly, when compared to the responses of MTL cortical neurons in
the same study, there was a much higher incidence of depressed
responses in the hippocampus (at least 80% of all depressed differ-
entially responsive neurons were recorded in the hippocampus).
Along with our findings, this suggests that this response type plays a
relatively more important role in memory processing in the hippo-
campus than in theMTL cortex. Our results are also consistent with
Rutishauser et al. (42), who reported 20% of neurons differentiated
between novel and familiar stimuli, with about equal numbers of
novelty and familiarity neurons.
Previous studies showed that the firing rates of human hippo-

campal neurons during the encoding of word pairs predicted recall
success (54), and hippocampal activation during encoding (meas-
ured using fMRI) has been correlated with subsequent item
memory strength (24).The robustness of this effect, whenaveraged
across many stimuli, in our analysis as well as others (42), suggests
that hippocampal neurons may act in some circumstances as
“novelty detectors.”That is, thefiringof hippocampal neuronsmay
not necessarily reflect specific information about the stimulus be-
ing viewed, but rather a more general novelty or familiarity signal
that is common to all stimuli. By contrast, most previous inves-
tigations of neural signals in the perirhinal and entorhinal cortices
related to recognition memory have demonstrated significant
stimulus-specific firing-rate changes related to the repetition of
very few stimuli (28, 29, 31, 32, 55). However, there are exceptions;
one study (33), for example, reported that many neurons in the
perirhinal and entorhinal cortices in the monkey signaled the rel-
ative familiarity of stimuli, without controlling for stimulus spe-
cificity. In the present study, because each stimulus was only
presented twice and we did not explicitly control for stimulus
content, we were unable to examine stimulus or category specif-
icity. However, the presence of a significant effect of stimulus
repetition on the firing rates of hippocampal neurons when re-
sponses were averaged across all stimuli is consistent with the idea
that the hippocampus provides an “abstract” recognition memory
signal (56). Accordingly, this pattern of activity may support rec-
ognition memory by combining stimulus-selective information
from the perirhinal and entorhinal cortices with a more general,
abstract signal of novelty or familiarity.
In summary, consistent with findings from studies of the effects of

lesions of the hippocampus on recognitionmemory, we found that a
substantial number of hippocampal neurons show modulations in
firing rate that are significantly correlated with performance on a
recognition memory task. These findings support the idea that the
hippocampus plays a significant role in recognition memory and
provide evidence for a neural signal that may underlie recognition
memory performance.

Methods
Electrophysiological Recording, Data Collection, and Preprocessing. Procedures
were carriedout in accordancewithNational Institutes ofHealthguidelines and
were approved by the Emory University Institutional Animal Care and Use
Committee. Neuronal recordings were carried out in two adult male rhesus
monkeys (Macaca mulatta), which were obtained from the breeding colony at
the Yerkes National Primate Research Center. Their meanweight at the start of
the experiment was 6.8 ± 1.1 kg, and their mean age was 4 years and 5months.
Before implantationof recordinghardware,monkeyswere scannedwithMRI to
localize the hippocampus and to guide placement of the recording chamber.
Using this information, a cilux plastic chamber (Crist Instrument Co.) for re-
cording neural activity and a titanium post for holding the headwere surgically
implanted. We performed postsurgical MRI to fine-tune electrode placement
and to determine recording locations.

During testing, each monkey sat in a dimly illuminated room, 60 cm from a
19-inch CRT monitor, running at 120 Hz, noninterlaced refresh rate. Eye
movements were recorded using a noninvasive infrared eye-tracking system
(ISCAN). Stimuli were presented using experimental control software
(CORTEX, www.cortex.salk.edu). At the beginning of each recording session,

the monkey performed a calibration task, which involved holding a touch-
sensitive bar while fixating a small (0.3°) gray fixation point, presented on a
dark background at various locations on the monitor. The monkey had to
maintain fixation within a 3° window until the fixation point changed to an
equiluminant yellow at a randomly chosen time between 500ms and 1,100ms
after fixation onset. The monkey was required to release the touch-sensitive
bar within 500 ms of the color change for delivery of a drop of ap-
plesauce. During this task, the gain and offset of the oculomotor sig-
nals were adjusted so that the computed eye position matched targets
that were a known distance from the central fixation point.

Following the calibration task, the monkey was tested on the Visual
Preferential Looking Task. The monkey initiated each trial by fixating a white
cross (the fixation target, 1°) at the center of the computer screen. After
maintaining fixation on this target for 1 s, the target disappeared and a
square picture stimulus subtending 11° was presented. Stimuli were ob-
tained from Flickr. A total of 9,000 stimuli were used in this study. The
stimulus disappeared when the monkey’s direction of gaze moved off the
stimulus, or after a maximum looking time of 5 s. The VPLT was given in 51
daily blocks of 6, 8, or 10 trials each, chosen pseudorandomly, for a total of
400 trials each day. The median delay between successive presentations was
8.1 s. Reward was not delivered during blocks of the VPLT; however, five
trials of the calibration task were presented between each block to give the
monkey a chance to earn some reward and to verify calibration. The number
of trials in each VPLT block was varied to prevent the monkey from knowing
when to expect the rewarded calibration trials.

The recording apparatus consisted of a multichannel microdrive (FHC Inc.)
holding a manifold consisting of a 23-gauge guide tube containing four
independently moveable tungsten microelectrodes (FHC Inc.), with each
electrode inside an individual polyamide tube. Electrode impedance was in
the range of 1 to 2 MΩ, and electrode tips were separated horizontally by
190 μm. For each recording, the guide tube was slowly lowered through the
intact dura mater and advanced to ∼3.5-mm dorsal to the hippocampus with
the use of coordinates derived from the MRI scans. The electrodes were then
slowly advanced out of the guide tube to the hippocampus. No attempt was
made to select neurons based on firing pattern. Instead, we collected data
from the first neurons we encountered in the hippocampus. At the end of
each recording session, the microelectrodes and guide tube were retracted.
All recordings took place in the anterior part of the left hippocampus. Re-
cording sites were located in the CA3 field, dentate gyrus, and subiculum.

Data amplification, filtering, and acquisition were performed with a Mul-
tichannel Acquisition Processor system from Plexon Inc. The neural signal was
split to separately extract the spike and the LFP components. For spike
recordings, the signals were filtered from 250 Hz to 8 kHz, further amplified,
and digitized at 40 kHz. A threshold was set interactively, to separate spikes
from noise, and spike waveforms were stored in a time window from 150 μs
before to 700 μs after threshold crossing. Each recording typically yielded two-
to-six units; single units were sorted offline using Offline Sorter (Plexon, Inc.).

Data Analysis. All analyses were performed using custom programming in
Matlab (TheMathworks, Inc.) andusingFieldTrip (http://www.ru.nl/fcdonders/
fieldtrip), an open-source toolbox for the analysis of neurophysiological data.

We recorded from 131 hippocampal units in twomonkeys (67 in Monkey A
and 64 inMonkey B, respectively). For each neuron, the averagefiring ratewas
calculated for the period including prestimulus fixation, as well as stimulus
presentation,foreachtrial.Abaselineperiodof800msprecedingstimulusonset
was used to calculate the average background firing rate for each neuron. The
response latency for each neuronwas determinedbyfirst calculating the spike-
density function of the neuron’s firing activity for each trial using a Gaussian
kernel with a standard deviation of 100ms, dividing this smoothed activity into
10-ms bins starting with stimulus onset, then finally using a Student’s t-test to
compare the activity in each bin, across trials, to the baseline firing rate. Upon
identifying the first instance in which three consecutive bins showed a sig-
nificant difference (P< 0.05) from the baselinefiring rate, theonset time of the
first bin was designated as the response latency for the neuron.

Significant responsiveness to visual stimuli was determined by first cal-
culating the average firing rate for the period from 100 to 600 ms after
stimulus onset for each trial, then using a Student’s t-test to compare this
activity for all trials in either the Novel or Repeat conditions to the average
firing rate during a baseline period of 800 ms preceding stimulus onset. For
trials where the monkey’s looking time was less than 600 ms, the firing rate
after the monkey’s scan path left the picture boundary was not included
when calculating the average firing rate. Neurons passing the criteria of
significance to P < 0.05 for the trials in each condition were designated as
visually responsive for that condition. To designate neurons as differentially
responsive, the same 500-ms time period was used to calculate average fir-
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ing rate for each trial; a Student’s t-test was used to determine whether the
firing rates across trials of the Novel condition were significantly different
from firing rates across trials of the Repeat condition for each neuron. A
Gaussian kernel with a standard deviation of 100 ms was used to smooth
neuronal firing rates for visualization purposes in Figs. 2 and 3.
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